Despite advances in surgical, radiation and systemic therapy, the prognosis of pancreatic cancer remains poor. Most patients are not amendable to curative surgical resection at presentation. Chemo-radiotherapy is the standard of care for locally advanced pancreatic cancer, but its local control is poor. Stereotactic body radiotherapy (SBRT) is a viable therapeutic option to maximise local control with a tolerable side-effect profile. It enables precise delivery of high-dose radiation over a short period (typically 1-5 days) and leads to better local control, disease outcome, and symptom palliation. SBRT can also be applied in neoadjuvant, adjuvant, or re-irradiation treatment. We review the technology, clinical application, and future direction of SBRT for treatment of pancreatic cancer.
of 6%. 2 Surgical resection is the standard of care, but only one-fifth of patients are suitable candidates owing to local invasion of tumour or metastasis. Even after resection, the 5-year survival is only 20% to 30%. 3 The incidence of local recurrence has been reported to be 20% to 60%. 4 In patients with unresectable locally advanced pancreatic cancer (LAPC), the treatment goal is local control, as complications such as pain and obstruction may severely impair quality of life. In an autopsy study, 30% of patients with pancreatic cancer died of local disease with few or no metastasis. 5 The role of chemoradiotherapy (CRT) in treatment of LAPC remains controversial. The local failure rate has been reported to be 30% to 60% in patients with LAPC treated with CRT. 3, 4 Nonetheless, both the Gastrointestinal Tumor Study Group 9283 study and the Eastern Cooperative Oncology Group 4201 study have reported improved OS after CRT, compared with chemotherapy alone. 6, 7 Also, the Groupe Coopérateur Multidisciplinaire en Oncologie reported an increase in OS among patients who received both chemotherapy and CRT, compared with chemotherapy alone. 8 However, the Federation Francophone de Cancérologie Digestive study reported inferior OS and worse toxicity with CRT, compared with chemotherapy. 9 In a prospective randomised phase 3 study (LAP07), 442 patients with LAPC were randomised to receive gemcitabine or gemcitabine plus erlotinib, and then after 4 months, 269 of patients with local control were subsequently randomised to receive CRT or additional 2 months of chemotherapy. 10 After a median follow-up of 36.7 months, CRT and chemotherapy alone achieved comparable OS (15.2 months vs. 16 .5 months, p = 0.83), although CRT reduced the rate of local progression (32% vs. 46%, p = 0.03). 10 There are several drawbacks in these trials. The adjacent luminal gastrointestinal structures (small bowel and stomach) limit the dose delivered to the target; dose escalation using a novel technique results in better local control and overall survival. 11 In addition, CRT usually comprises 25 to 30 fractions and lasts 5 to 6 weeks; this leads to patient inconvenience and risk of treatment interruption and thus suboptimal control of micrometastasis. Thus, CRT is associated with unsatisfactory local control and significant toxicities.
Advances in radiotherapy enable more precise target delineation, treatment delivery, and dose escalation. Stereotactic body radiotherapy (SBRT) enables precise delivery of high-dose radiation to the target within a short period (typically ≤5 fractions). The American Society of Clinical Oncology guidelines suggest SBRT as a treatment option for LAPC patients who do not improve on systemic treatment or who are intolerant to chemotherapy. 12 This study reviews the technology, clinical application, and future direction of SBRT for treatment of pancreatic cancer.
StEREOtACtiC BODY RADiOtHERAPY
The use of a linear accelerator-based system (CyberKnife system; Accuray, Sunnyvale [CA], USA) and proton beam for SBRT of the pancreas has been reported. 13, 14 SBRT of the pancreas is technically challenging; accurate target volume delineation, motion management, on-line imaging verification, radiation planning and delivery, and dose / fractionation are needed to ensure success.
target Volume Delineation
To ensure accurate target volume delineation, fine-cut (1.5-2 mm), contrast-enhanced computed tomography (CT) in both arterial and venous phases is used to contour the tumour. The pancreatic tumour is best seen in the early venous phase as a hypodense lesion in contrast with the enhancing pancreatic parenchyma. The arterial phase shows whether there is coeliac and superior mesenteric artery invasion. Nonetheless, CT is prone to underestimate the size of the gross tumour volume. 15 Magnetic resonance imaging (MRI) and fluorodeoxyglucose positron emission tomography also provide useful information. 16, 17 Different imaging modalities (CT, positron emission tomography, diffusion-weighted MRI, and dynamic contrastenhanced MRI) differ in target volume and gross tumour volume definitions. 17 Thus, further studies of the radiological and pathological correlation are required.
Motion Management
The magnitude of motion of the pancreatic tumour is highly variable and is estimated to be up to 2 to 3 cm in the craniocaudal direction. 18 Planning with fourdimensional CT may not be sufficient, as tumour motion in most patients exceeds the predicted range by >10%. 19 The use of the active breathing control technique can restrict the amplitude of pancreas movement to 2.5 mm. 20 Gated delivery for radiotherapy around the end exhale position (that is the most stable position in the breathing cycle) can also reduce the target volume amplitude.
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On-line Imaging Verification
SBRT of the pancreas must be performed under image guidance, as inter-fractionation movement can be substantial. A reliable daily on-line treatment verification system of tumour localisation is necessary. Treatment verification based on bony anatomies is insufficient. 22 Kilovoltage imaging and cone-beam CT are commonly used, but both have poor soft-tissue (including pancreatic tumour) resolution. Placement of fiducial markers under endoscopic guidance or via the percutaneous route is essential. 23 The fiducials act as a surrogate to allow targeting of the daily tumour position (by kilovoltage or cone-beam CT) and realtime tracking of tumour motion during radiotherapy delivery (Figure 1 ). Planning CT is usually performed 5 to 7 days after implantation of markers to minimise their migration. Insertion of a biliary stent is an alternative surrogate.
Radiation planning and delivery
The planning target volume usually includes a margin of 2 to 3 mm to account for the setup uncertainty. Occasionally, non-uniform margin expansion is allowed to spare the adjacent duodenum or stomach. Elective nodal irradiation is usually not recommended. The dose is prescribed to the periphery of the lesion to allow 90% to 95% coverage; dose heterogeneity sometimes exceeds 15% to 20%. SBRT can be delivered via intensitymodulated radiotherapy or volumetric-modulated arc therapy. A flattening filter-free mode with an increased dose rate is preferred in order to shorten the treatment time and minimise inter-fractionation movement of the tumour. Figure 2 shows the representative plan and dose-volume histogram of SBRT for pancreatic cancer.
Dose / Fractionation
The optimal dose / fractionation of SBRT of the is not yet known. In a Stanford study of 167 patients treated with single or multiple fractionation, the two regimens were comparable for local control and overall survival, but multiple fractionation resulted in less grade 2 or above toxicities. 24 In a meta-analysis of 16 trials of SBRT for pancreatic cancer, the dose was converted to 2 Gy equivalent dose (EQD2) and biologically equivalent dose (BED). 25 Late toxicity was highly correlated with EQD2 (taking a/b = 3) and 5% of patients developed grade 2 or above toxicity and grade 3 or above toxicity at 65 Gy and 80 Gy, respectively. 25 Tumour control appeared to be less dosedependent (taking a/b = 10); 75 Gy BED was highly effective and resulted in a local control rate of 75%, whereas >75 Gy BED did not prolong survival and was not safe. 25 Based on the currently available evidence, multiple fractionation is recommended, with toxicity estimated according to EQD2 / BED prescription dose and duodenal dose constraints. Table 1 summarises the commonly used regimens and their equivalent EQD2 of SBRT for pancreatic cancer. Table 2 summarises selected trials of SBRT for LAPC. [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] In the Stanford phase I study of 15 LAPC patients treated with 25 Gy single fraction using the CyberKnife, the 1-year local control rate was 100%, but all patients later died of metastatic disease. 26 In the Stanford phase II study of a 25 Gy SBRT boost after concurrent CRT using 5-fluorouracil (45 Gy), the local control rate was 94%, but the median survival was only 8.3 months, with 69% and 12.5% of patients developing grade 1 or 2 toxicities and acute grade 3 or above toxicities, respectively. 27 In a study of combined chemotherapy with SBRT (one cycle of induction gemcitabine of 1000 mg/m 2 followed by SBRT of 25 Gy x 1 fraction followed by maintenance doses of gemcitabine), the 1-year local control rate was 94% to 100%, but 47% of patients developed late grade 2 or above toxicity and 5.6% of patients developed grade 4 duodenal perforation that required surgery. 28, 36 These early studies of SBRT have shown good (90-100%) 1-year local control but substantial late gastrointestinal toxicity, which was postulated to be related to single fractionation. Therefore, subsequent trials have changed to multiple (3-5) fractionation. Hypofractionated SBRT regimens (3-5 fractions) aim to reduce late gastrointestinal toxicity while maintaining local control. In a phase II trial of 22 LAPC patients treated with SBRT of 15 Gy x 3 fractions, the 1-year local control rate was 57% and the median survival was 5.4 months, and 79% and 4.5% of patients developed grade 2 toxicity and grade 4 toxicity, respectively.
Clinical Outcome
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The trial was criticised for inaccurate positioning, lack of dose constraint to the organ at risk, lack of fiducial placement, and exceptionally large planning target volume margin (a median of 136 ml vs. 41 ml in the Stanford study) that included both the primary and adjacent oedema. These probably account for the discrepancy of results from other similar trials. In a series of 36 LAPC patients who received 24-36 Gy in 3 fractions using a risk-adapted approach (based on the location of the tumour from the stomach and duodenum) followed by 6 months of chemotherapy with gemcitabine, the local control rate was 78% and the median survival was 14.3 months after a median follow-up of 24 months. 30 In this study, 25% and 8% of patients developed acute grade 2 toxicity and acute grade 3 toxicity, respectively, and 5.6% of patients developed late toxicity 3 months after SBRT. 30 In a subsequent study of 39 LAPC patients treated with SBRT using a similar adaptive approach after two cycles of chemotherapy, the local control rate was 85% and the median survival was 20.3 months after a median follow-up of 21 months. 31 Only 9% of patients developed late grade 3 toxicities such as bowel obstruction and gastrointestinal bleeding. 31 Studies of multi-fraction SBRT from Europe and the United States have also reported similar 1-year local control rates of 65% to 86%, median survival of 11-14 months, and an acceptable acute and late toxicity profile. [32] [33] [34] In a multicentre prospective phase II study using fiducial placement, image guidance verification, motion management, and planning under strict dose constraints, 49 LAPC patients received SBRT of 33 Gy in 5 fractions followed by gemcitabine, and the 1-year freedom from local progression rate was 78% and the median survival was 13.9 months. 35 Only 2% and 10.6% of patients developed acute and late grade 2 or above toxicities, respectively. 35 These studies of fractionated SBRT have reported local control rates of 65% to 86% (compared with 30% to 50% after CRT), with <10% of patients developing acute or late grade 3 or above gastrointestinal toxicity.
As Neoadjuvant therapy
Borderline resectable pancreatic cancer (BRPC) has little chance of achieving R0 resection due to the abutment of the adjacent vascular structure. SBRT is justified as the neoadjuvant treatment for BRPC; the chance of margin-negative resection may increase if the area of vascular involvement is regressed or sterilised after treatment. Table 3 summarises selected trials of SBRT for BRPC. [37] [38] [39] [40] [41] In a study of 57 BRPC patients treated with neo-adjuvant chemotherapy and SBRT using a dosepainting technique, the region of vascular involvement received a median of 35 Gy in 5 fractions and the remaining tumour received 25 Gy in 5 fractions. 37 In this study, 31 of 32 patients who underwent resection achieved an R0 resection; of whom three achieved a complete pathological response and two achieved a near-complete pathological response (<10% viable cells). 37 The median OS was 16.4 months; no patient had acute grade 3 or above toxicity and 5.3% of patients developed late grade 3 or above toxicity. 37 In a subsequent study of 110 BRPC patients by the same group, 51% were able to undergo resection and 96% of them achieved R0 resection; the median OS was 34.2 months among surgically resected patients. 38 In a study of 12 BRPC patients who received neoadjuvant chemotherapy and SBRT, 92% of patients achieved R0 resection, 25% of patients achieved pathological complete response, and 16.7% of patients had <10% viable tumour cells. 39 In a phase I trial of 13 BRPC patients who received dose-escalating SBRT in 3 fractions to the planning target volume with a simultaneous in-field boost to the posterior margin after four cycles of modified FOLFIRINOX, no patient developed dose-limiting toxicity up to the level of 45 Gy in 3 fractions, and 62% of patients underwent resection and all achieved R0 resection. 40 In the Harvard phase I study of 15 patients with resectable pancreatic cancer using proton therapy with dose-escalating hypofractionated treatment with concurrent capecitabine in a preoperative setting, no patient developed dose-limiting toxicity at a final level of 25 Gy in 5 fractions.
14 This led to a phase II study of 35 patients who received 25 Gy in 5 fractions in a neoadjuvant setting, and 4.1% of patients developed acute grade 3 toxicity. 41 Among the 50 patients in both studies, 39 underwent resection and 31 of them achieved R0 resection without 30-day mortality or anastomotic leak; the median survival was 27 months and 16% of patients with surgical resection had a locoregional recurrence. 41 Overall, early results of SBRT in a neoadjuvant setting are promising. In BRPC patients who are able to undergo resection after neoadjuvant treatment, the OS is comparable with those with an upfront resectable disease.
As Adjuvant therapy
In patients with resected pancreatic cancer, the local recurrence rate is high (20-60%). Adjuvant therapy is justified to reduce the risk of local recurrence and its related complications. In a study of 12 patients who underwent a margin-positive resection, the rate of freedom from local progression at 1 year was 70.7% and the 1-year OS was 81.8%. 42 The same group later reported 24 patients who underwent resection with close or positive margins followed by SBRT, the rate of freedom from local progression at 1 year was 66% and the 1-year OS was 80.4%, with a median OS of 26.7 months. 43 No patients developed acute grade 3 or above toxicity. 43 SBRT has the merit of short treatment duration that enables early integration of systemic chemotherapy.
As Re-irradiation for local Recurrence
Most patients with local recurrence of pancreatic cancer after resection and CRT are not eligible for re-resection. SBRT may be a viable option for these patients. In a retrospective review of 18 patients who had local recurrence or progressive disease after CRT (in a median dose of 50.4 Gy in 28 fractions) and subsequently underwent SBRT (in a median dose of 25 [range, [20] [21] [22] [23] [24] [25] [26] [27] Gy in 5 fractions), the median survival after SBRT was 8.8 (95% confidence interval, 1.2-16.4) months, and the rate of freedom from local progression at 6 and 12 months after SBRT was 78% and 62%, respectively. 44 In this study, 57% of patients achieved effective symptom palliation; no patient developed acute grade 3 or above toxicity, and one patient developed late grade 3 toxicity. 44 In a study of SBRT in 28 previously irradiated patients with a median follow-up of 5.9 months, the rate of freedom from local progression was 86%, and two patients developed late grade 3 gastrointestinal toxicities. 45 
For Elderly Patients
Pancreatic cancer is more common in older people, and its incidence peaks in those aged >80 years. According to the 2015 Hong Kong Cancer Registry, the incidence was 50.7 and 45.6 per 100,000 people aged 80 to 84 years and ≥85 years, respectively, compared with 11.6 per 100,000 people aged 45 to 65 years. 1 Elderly people often have poor performance status or multiple comorbidities that preclude them from surgical resection, systemic chemotherapy, or concurrent CRT. SBRT may be a viable option for them.
In a study of 26 patients aged ≥80 years and unsuitable for surgical resection who underwent SBRT (mostly 24 Gy in 1 fraction or 30-36 Gy in 3 fractions), the median OS and local control was 7.6 months and 11.5 months, respectively, with symptomatic improvement in pain, anorexia, and nausea and no acute or late grade 3 or above toxicities. 46 In a study of 20 patients with a median age of 83.2 years and a median Adult Comorbidity Evaluation-27 Index of 3, most were treated with SBRT in 30-35 Gy in 5 fractions, and the median OS and recurrence-free survival rates were 6.4 months and 6.8 months, respectively. 47 In this study, 10 patients had no toxicities, whereas 7 and 3 patients had grade 1 or 2 and grade 3 or above toxicities, respectively.
47 SBRT is a safe and effective treatment option for elderly patients in whom surgical resection or chemotherapy is unsuitable.
Future Direction
SBRT is superior to conventional CRT for local control of pancreatic cancer. The acute toxicity profile is mild, and most side-effects are grade 1 to 2. Late grade 3 or above complications are uncommon (<10%) after multifraction regimens. It is a viable option for LAPC and BRPC in adjuvant and recurrent settings. Nonetheless, whether the benefit of local control can translate to survival is not known. In the LAP07 trial, the addition of CRT only improved local control but not OS. This may be partly due to a high rate of distant metastasis. Recent advancements in systemic chemotherapy with FOLFIRINOX and gemcitabine / nab-paclitaxel have improved survival in patients with metastatic disease and in LAPC patients. 48, 49 SBRT has the merit of delivering a high dose in a short period (typically within 5 days) for local control, enabling minimal disruption of systemic chemotherapy to achieve better distant control. The best OS occurs in patients with chemotherapy well integrated into pre-and post-SBRT. 25 Therefore, how to integrate SBRT with multi-agent systemic chemotherapy is an important research focus.
To date, there is no prospective randomised trial of SBRT to guide clinical practice. The Stanford group is conducting a phase III trial to compare modified FOLFIRINOX with or without SBRT in LAPC patients (NCT01926197). The Alliance group is preparing a phase II trial (A021501) to compare FOLFIRINOX with or without SBRT in BRPC patients. Multifraction SBRT has shown the benefit of dose escalation and a tolerable toxicity profile. Further SBRT doseescalation trials are ongoing (Table 4) . These trials aim to address the best sequence of combining SBRT with chemotherapy and the optimal dose of SBRT.
Identifying biomarkers also helps select patients who will most benefit from SBRT. An autopsy study has shown that intact SMAD4 protein correlates with local disease progression, whereas the loss of SMAD4 protein more commonly correlates with distant progression.
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The SMAD4 protein may serve as a potential biomarker for identifying most suitable patients for SBRT. A combination of systemic chemotherapy with SBRT enables more patients to undergo surgical resection; therefore new imaging, liquid and tissue biomarkers are needed to evaluate responses along the course of treatment, to determine who is most likely to benefit from an aggressive surgical approach.
Reducing tumour hypoxia with drugs optimises the therapeutic ratio of SBRT, as there is less opportunity for tumour re-oxygenation in the hypo-fractionation regimen and it may render cancer cells more radioresistant. Nelfinavir (NCT01959672) and metformin (NCT02153450) are being investigated in combination with SBRT of the pancreas. Although results of immunotherapy in pancreatic cancer are disappointing so far, multiple studies are underway in combining SBRT with novel systemic therapy and immunotherapy.
Advancement of radiation technology (such as conebeam CT verification, fiducial marker tracking, respiratory motion management) has improved the precision of radiation delivery to the pancreas. Nonetheless, the dynamic nature of the duodenum and stomach resulting in day-to-day variation that accounts Table 4 . Selected trials evaluating the optimal dose of stereotactic body radiotherapy (SBRT) or a combination of multi-agent chemotherapy and SBRT for locally advanced pancreatic cancer (LAPC) or borderline resectable pancreatic cancer (BRPC).
for substantial inter-fractionation errors. Strategies to further minimise small bowel toxicity are needed. Adaptive radiotherapy involves altered radiation delivery based on adaptive re-planning using daily cone-beam CT images. Adaptive re-planning has been reported to reduce the dose to the adjacent duodenum and improve the dose homogeneity to the target.
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CONClUSiON
SBRT of the pancreas is safe and effective. Target delineation, motion management, and on-line image guidance are crucial for treatment delivery. Clinical indications for SBRT remain to be established. Future studies should focus on combining systemic therapy with surgery, utilising novel biomarkers to select patients, testing with radiation sensitisers or immunotherapy, and further enhancing the treatment accuracy by adaptive strategies. Further randomised studies are needed to compare with the current standard to define its clinical application.
